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I.INTRODUCTION
Erbium doped fibers (EDFs) based devices are widely employed in space for optical communication [1] , remote sensing [2] , and navigation applications, e.g. interferometric fiber optic gyroscope (IFOG). However, the EDF suffers severely radiation induced attenuation (RIA) in radiation environments, e.g. space applications and nuclear reactors [3] . To decrease the RIA, several radiation-hardening methods have been proposed, e.g. hydrogen pre-loading [4, 5] , thermal annealing [6, 7] , and photo-annealing [8, 9, [10] [11] [12] [13] [14] [15] [16] [17] . For thermal annealing, it needs to take up to 300°C to decrease RIA. Such a high temperature could damage many other devices; therefore, this method could not be employed practically. The hydrogen pre-loading method needs a hermetic coating to avoid out-diffusion of hydrogen. Among them, the unique photo-annealing (PA) method provides excellent annealing effect of diminishing EDF's RIA for commercial off-the-shelf (COTS) EDFs [4] [5] . Recently, photo-annealing of using 980-nm continuous light on Ge-doped [6] and Al-doped [6, 10] EDFs, 532-nm continuous light on both Ge-and Al-doped EDFs [6, 10] , and 800-nm pulsed light on Al-doped EDF [11] [12] [13] has been performed. The 980-nm photo-annealing light showed only partial RIA recovery, but the 532-nm photo-annealing light showed nearly total RIA recovery in the spectral range between 900 nm and 1750 nm [10] . These results showed possibility of employing photo-annealing to realize radiation-hard EDF-based devices. In this paper, we will report our experimental results for optimizing PA source's annealing efficiency by using a wavelength-tunable femto-second (fs) pulsed laser, and the PA effect of a γ-irradiated fiber light source (FLS) by using a 425-nm continuous wave (CW) laser diode.
II. EXPERIMENT
A Ti:Sapphire wavelength tunable laser, a 976-nm CW laser diode and a 532-nm Nd:YAG SHG CW laser were used as the photo-annealing light source to study the spectral dependence of the photo-annealing effects. The schematic diagram of experimental setup is shown in Fig. 1 , and the measurement procedure is described as follows for a specific laser wavelength: (1) for photo-annealing step, the laser light was coupled into the γ-irradiated EDF through a conventional single mode fiber; (2) for RIA measurement step, the RIA of the photoannealed EDF was measured by using an optical spectrum analyzer (OSA); (3) (1) and (2) were repeatedly carried out until the RIA change of the EDF was too small to be analyzed due to the resolution limit of the OSA. Then the whole process started again for another laser wavelength. The irradiation test was performed at room temperature. The parameters of the photo-annealing light sources are listed in the Table I . The 976-nm and 532-nm photoannealing light sources were continuous wave, and the 885.7-nm, and 427-nm ones were pulsed. The incident powers were the maximum powers of the corresponding wavelengths. The tested EDF lengths were chosen either 15 cm or 30 cm according to (1) the available power of the photo-annealing light, (2) the initial RIA at the wavelength of photo-annealing light, and (3) the magnitude of the spectral change due to photo-annealing. To Fig.2 shows the annealing efficiencies of the fs laser with different wavelengths. These wavelengths were chosen excluding the erbium ion's absorption bands for avoiding excess loss of PA light, such as 427 nm, 469 nm, 504 nm, 590 nm, 735 nm, 775 nm, and 885 nm. Therefore, by using the PA lights with these wavelengths, their annealing effect of EDF's RIA can work for several meters in EDF's length. Our experimental result shows the 427-nm pulsed laser of 3-mW optical power has the best annealing efficiency among the tests. The PA 427-nm light nearly eliminated the RIA of the 200-krad (24 rad/s) γ-irradiated EDF (30 cm, ER20, nLight) in a wavelength range from 460 nm to 1700 nm, as shown in Fig. 3 . The Co 60 radiation test was performed in the Radioisotope Laboratory of National Tsing Hua University. In the second phase, for more realistic demonstration ,and for minimizing the package size and the power consumption, we used a 425-nm CW laser diode (RLT425-50CMG, Roithner LaserTechnik GmbH) and an EDF-based (3 meter, I-25, Fibercore) FLS to demonstrate the radiation hardening effect. The results (Fig. 4) showed that the output power loss of the 108-krad (5 rad/s) γ-irradiated FLS after 425-nm PA (4 mW, 6 hr) was as small as 0.047 dB. Fig. 4 Optical spectra of the FLS using (1) the pristine EDF (blue solid curve) and (2) the 425-nm photoannealed EDF after 108-krad gamma irradiation (red dashed curve)
IV. CONCLUSION
The photo-annealing is an efficient radiation-hardening technique for EDF-based devices. Based on our experimental data, the photo-annealing efficiency was inversely proportional to the wavelength of the photoannealing light. Our best photo-annealing efficiency was to use a 427-nm pulsed laser. For more realistic demonstration, we assemble a 3-meter EDF-based FLS. After 108-krad γ-irradiation, it showed the output power loss of the FLS after 425-nm PA (4 mW, 6 hr) was only 0.047 dB. The PA method showed excellent annealing effect of diminishing EDF's RIA. The further analysis is ongoing and will be presented in the future.
